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Abstract: The work being reported is the first electrochemical sensor for tetrodotoxin 
(TTX). It was developed on a glassy carbon electrodes (C) that was modified with  
poly(4-styrenesolfonic acid)-doped polyaniline film (PANI/PSSA). An amine-end 
functionalized TTX-binding aptamer, 5′-NH2-AAAAATTTCACACGGGTGCCTCGGCTGTCC-3′ 
(NH2-Apt), was grafted via covalent glutaraldehyde (glu) cross-linking. The resulting 
aptasensor (C//PANI+/PSSA-glu-NH2-Apt) was interrogated by cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS) in sodium acetate buffer (NaOAc,  
pH 4.8) before and after 30 min incubation in standard TTX solutions. Both CV and EIS 
results confirmed that the binding of the analyte to the immobilized aptamer modulated the 
electrochemical properties of the sensor: particularly the charge transfer resistance (Rct) of 
the PANI+/PSSA film, which served as a signal reporter. Based on the Rct calibration curve 
of the TTX aptasensor, the values of the dynamic linear range (DLR), sensitivity and limit 
of detection (LOD) of the sensor were determined to be 0.23–1.07 ng·mL−1 TTX,  
134.88 ± 11.42 Ω·ng·mL−1 and 0.199 ng·mL−1, respectively. Further studies are being 
planned to improve the DLR as well as to evaluate selectivity and matrix effects in  
real samples. 
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1. Introduction 
Tetrodotoxin (TTX), known as puffer fish toxin, is one of the most potent nonpeptidic neurotoxins 
because of its frequent involvement in fatal food poisoning, its unique chemical structure, and its specific 
action of blocking sodium channels of excitable membranes [1]. Through the study of cultured  
puffer fish, it was discovered that tetrodotoxin was not metabolically produced within the fish.  
Instead, it is synthesized by several bacterial species, including strains of the families vibrionaceae and 
pseudomonas [2]. Several approaches for the detection of tetrodotoxin identified using the  
enzyme-linked immunosorbent assay (ELISA) technique were reported by Neagu and co-workers and 
involved the use of the tetrodotoxin with alkaline phosphatase (AP) [3]. On the other hand, high 
performance liquid chromatography (HPLC) using fluorescent detection following post-column alkaline 
degradation and a sample preparation procedure for the analysis were established to quantitatively detect 
tetrodotoxin in gastropods and puffer fishes [4]. Recently, Taylor et al. and Yakes et al. reported a 
quantitative antibody-based detection of tetrodotoxin by inhibition assay with a surface plasmon 
resonance (SPR) sensor and the result was compared to the analytical methods [5,6]. It is well known 
that these above-mentioned analytical methods have some limitations compared to electrochemical 
methods [7]. A biosensor is an analytical device incorporating a biorecognition element intimately 
associated with or integrated within a transducer that converts the physicochemical information into an 
electrical signal. Biosensor devices are in principle adaptable, simple to prepare, selective and specific, 
accurate, and timely, with minimal sample pre-treatment involved [8]. To the best of our knowledge, no 
biosensor based on aptamer has been reported for the detection of tetrodotoxin. 
Aptamers are short oligonucleotides (DNA/RNA) that can bind with high affinity and specificity  
to a wide range of target molecules, such as drugs, proteins, toxins or other organic and inorganic 
molecules [9,10].Due to their easy and quick preparation, cost-effectiveness, small size and versatility, 
aptamers have become useful tools for the validation of intracellular and extracellular targets [11–13]. 
A continuously growing number of nucleic acid aptamers are used as research tools to study specific 
protein functions and interactions [14,15]. Many reports on the aptamer-based biosensors for detection 
of various proteins [16–18] and toxin [19–22] have been investigated. One important parameter in the 
fabrication of aptamer-based biosensors is the method for attachment of the aptamer. As well as the 
immobilization of enzyme, peptides, ligands or other biomolecules, aptamer have the same method for 
immobilization since there is no general universally applicable method of particular molecule 
immobilization [23]. However, three principal methods can be used for immobilization of aptamer such 
as adsorption, covalence and the cross-linking method. For this study, the covalent binding method, 
which is the reaction involving the formation of covalent bonds between the functional groups belonging 
to the biomolecule (aptamer) and the support matrix (conducting polyaniline), was applied. Conducting 
electroactive polyanilines have received considerable attention from both academia and industry because 
of their many potential applications such as artificial muscles and sensors [24]. The application of 
conducting polymers to electrochemical biosensors is mainly based on the idea that they can improve 
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direct electron transport between the biomolecule and electrode surface in amperometric biosensors [25]. 
In this context, ordered monolayers of conducting p-doped PANI/PSSA films prepared using 
electrochemical polymerization [26] can perhaps be used. 
This paper aimed to carry out the first electrochemical analysis of tetrodotoxin involving affinity 
interactions, by using glassy carbon electrode modified with selective aptamer immobilized on p-doped 
PANI/PSSA electroactive polymer platforms. The aptamer functioned as the biorecognition probe for 
the amperometric and impedimetric determination of TTX.  
2. Experimental Section 
2.1. Chemicals and Materials 
Tetrodotoxin (96%) was purchased from Latoxan (Valence, France). Phosphoric acid (H3PO3)  
(85 wt%) purchased from Sigma-Aldrich (St. Louis, MO, USA). Aniline, glutaraldehyde (≥50 wt%), 
poly(4-styrenesulfonic acid) (18 wt% in water), sodium acetate anhydrous (99%), acetic acid, and glacial 
(99.7%), were procured from Sigma-Aldrich. The TTX aptamer used in the present study was the 
aminylated DNA-aptamer sequence, 5′-NH2-AAAAATTTCACACGGGTGCCTCGGCTGTCC-3′  
(NH2-Apt), chosen on the basis of the original work of Shao et al. [27] and custom-produced at Inqaba 
Biotec (Pretoria, South Africa). 
2.2. Electrochemical Set-Up and Measurements 
A conventional three-electrode electrochemical cell was used for electrochemical studies. The 
electrolyte (0.1 M sodium acetate buffer (NaOAc, pH 4.8) was always degassed and then blanketed over 
with argon gas during experiments. A modified glassy carbon working electrode (WE, d = 3.0 mm, BAS 
Inc., West Lafayette, IN, USA), a Ag/AgCl reference electrode (BAS Inc., West Lafayette, IN, USA) 
and a platinum wire (99.9%, Sigma-Aldrich) counter electrode were employed. The surface of the 
working electrode was cleaned by successively polishing with alumina polishing powders (Buehler, 
Lake Bluff, IL, USA) of 1 µm, 0.3 µm and 0.05 µm particle sizes in that order. After the polishing step, 
the electrode was rinsed with ultra-pure water and then placed in an ultrasonic bath containing absolute 
ethanol and sonicated for 10 min and rinsed with ultra-pure water. 
2.3. Preparation of TTX Aptasensor 
2.3.1. Electrodeposition of Polystyrene Sulfonic Acid-Doped Polyaniline Film (PSSA/PANI) 
The PANI/PSSA film was first electrochemically deposited on a bare glassy carbon electrode (C) 
from an aqueous solution of H3PO3 (0.1 M) containing 0.05 M aniline (monomer) and 0.025 M PSSA, 
by potentiodynamic electro-oxidation of the monomer at a scan rate of 50 mV·s−1 from -0.1 V to +1.3 V 
for five cycles. The resulting p-doped PANI/PSSA- or pernigraniline blue/PSSA-coated electrode, 
herein referred to as PSSA/PANI//C, was immediately rinsed with ethanol and deionized water in order 
to remove excess reactants and soluble intermediates. 
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2.3.2. Immobilization of the Aminylated Anti-TTX Aptamer (Apt-NH2) onto PANI/PSSA Film 
Immobilization of Apt-NH2 onto the PANI/PSSA layer was effected by using glutaraldehyde as  
a cross-linker, which was based on a procedure reported in the literature [28,29]. Glutaraldehyde is a  
di-aldehyde which forms a covalent bond between its aldehyde group and an amine group of the binding 
molecule [28]. In the present case, –CHO functional groups of glutaraldehyde reacted with the amine 
group of PANI chains at one end and the amine group of aminylated DNA aptamer at the other, resulting 
in the formation of stable covalent bonds [28]. In a typical procedure the PANI/PSSA//C surface was 
reacted with aqueous 2% glutaraldehyde solution for 4 h at room temperature (25 °C). The resulting 
glutaraldehyde-functionalized film (glu-PANI/PSSA) was then rinsed with de-ionized water and further 
exposed to a solution of Apt-NH2 (2 µM) in acetate buffer (0.1 M) for about 4 h at 4 °C. The aptasensor 
produced (Apt-NH2-glu-PANI/PSSA//C) was rinsed with aliquots of 0.1 M acetate buffer and  
stored at 4 °C when not in use. Figure 1 is a schematic representation of the preparation of the  
Apt-NH2-glu-PANI/PSSA//C aptasensor. 
 
Figure 1. Schematics for the development of the TTX aptasensor: (a) electrodeposition  
of PSSA-doped polyaniline onto the carbon electrode; (b) glutaraldehyde-functionalization  
of PANI/PSSA film; (c) immobilization of NH2-aptamer on glu-PANI/PSSA/GC; and  
(d) TTX detection. 
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2.4. Microscopic and Spectroscopic Characterization 
The UV-Vis absorption characteristics of the Apt-NH2-glu-PANI/PSSA film was studied with a 
Nicolet Evolution 100 Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The scanning 
electron microscopy (SEM) imaging of the film was performed with a Carl Zeiss Auriga HRSEM  
(Carl Zeiss Microscopy GmbH, Oberkochen). For the UV/Vis analysisthe film was dispersed in 
dimethyl formamide (DMF) under sonication for about 20–30 min. For SEM imaging purposes, carbon 
screen printed carbon electrodes (C-SPE) obtained from DropSens (Llanera, Asturias, Spain) were used 
as platforms. 
2.5. Electrochemical Studies 
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed with 
an IM6ex ZAHNER Elektrik Electrochemical Workstation (ZAHNER-Elektrik GmbH & Co. KG, 
Kronach, Germany) in 0.1 M NaOAc, pH 4.8 and (at a frequency range of 100 kHz to 100 mHz for EIS 
measurements). The aptasensor was incubated in TTX solutions for about 30 min at room temperature. 
After incubation of the sensor in TTX the aptasensor surface was rinsed with the NaOAc buffer to 
remove loosely held TTX molecules before making measurements. 
3. Results and Discussion 
3.1. SEM and UV-Vis Analysis 
Figure 2a–d shows the SEM images obtained at different stages of the preparation of the aptasensor 
on a screen printed carbon electrode (C-SPE). According to Figure 2b, p-doped PANI/PSSA films form 
clusters of flake-shaped particles with diameters of 70–100 nm, which is in contrast to the more or less 
spherically shaped and uniformly dispersed 25–50 nm diameter carbon particles of the C-SPE platform 
(Figure 2a). The PANI/PSSA particles appear to have grown only over certain sites on the C-SPE, which 
can be understood as being because of the fact that not all of its carbon particles are accessible for 
electrochemical reactions. 
Upon the exposure of the PANI/PSSA film to glutaraldehyde, followed by NH2-aptamer, new cloudy 
particle shapes appeared (Figure 2c), confirming that the aptamer molecules were successfully attached 
onto the PANI/PSSA surface via the glutaraldehyde cross-linking process. It also shows that the 
PANI/PSSA framework reorganized itself into clusters of smaller spherical particles with diameter of 
22 to 44 nm on formation of the Apt-NH2-glu-PANI/PSSA supra-molecular assembly, completing the 
aptasensor fabrication process. The SEM image underwent an even more morphological change after 
exposure of the aptasensor to the TTX solution, as can be seen in Figure 2d. Of the three major types of 
surface features in this image (Figure 2d), the dark regions and the random clusters of particles were 
identified as left-over of non-TTX-binding areas, while the ambient smooth and gray shaded region are 
where agglutination occurred between the aptamer and TTX. The darkest regions should definitely 
represent C-SPE sites without PANI/PSSA and hence without aptamer. This indicates that there is a 
strong binding affinity between the immobilized aptamer and TTX and that the preparation of the 
aptasensor was successful. 
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(a) (b) 
(c) (d) 
Figure 2. Scanning electron micrographs of (a) bare C-SPE; (b) PANI/PSSA//C-SPE; 
(c) Apt-NH2-glu-PANI/PSSA//C-SPE; and (d) TTX-Apt-NH2-glu-PANI/PSSA//C-SPE 
(where C-SPE is carbon screen printed electrode). 
Figure 3 displays the UV-Vis spectra of PANI/PSSA, Apt-NH2-glu-PANI/PSSA, and TTX-Apt-NH2-
glu-PANI/PSSA that were dispersed or dissolved in dimethyl formamide (DMF). Figure 3 shows that in 
each step of the aptasensor formation four characteristic absorptions bands (a, b, c, and d) were observed. 
The (d) absorption band can be attributed to chromophores present in DMF. The absorption band 
between 275.5 and 294.9 nm is due to the π → π* transition of benzenoid ring of PANI and PSSA. The 
absorption band (a) corresponds to the C=C chromophores with π → π* electronic transition, and the 
absorbance of this band increases when Apt-NH2-glu-PANI/PSSA is formed, which is due to the increase 
of concentration of C=C in the aptamer system. A huge difference was observed for absorption band (a) 
when the aptasensor was exposed TTX (TTX-Apt-NH2-glu-PANI/PSSA). The 88% decrease in the 
absorbance of band (a) when the aptasensor binds TTX may be due to the delocalization of electrons 
within composite polymer chain. This delocalization makes the C=C chromophores less stable or 
unavailable due to the formation of hydrogen bonds between O and N atoms of the aptamer and the H 
atom of TTX. The absorption band at 327.4 nm (b) corresponds to n → σ* transition of the N−C 
chromophores of PANI. When the TTX is attached to the aptasensor, the absorption (b) becomes more 
pronounced, which is indicative of the reactivity of the binding of TTX to the aptamer. No significant 
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change was observed on the broad band at 623.9 nm (c) for each of the three composite polymer systems. 
The band corresponds to the shift of electron from the benzenoid to the quinoid rings of PANI due to  
π → π* electronic transition. 
 
Figure 3. UV-Vis spectra of PANI/PSSA, Apt-NH2-glu-PANI/PSSA, and  
TTX-Apt-NH2-glu-PANI/PSSA composite materials dispersed in DMF. 
3.2. Electroanalysis of Aptasensor 
Figure 4a shows an overlay of the CVs of PANI/PSSA//C (black), glu-PANI/PSSA//C (red),  
Apt-NH2-glu-PANI/PSSA//C (green) and TTX-Apt-NH2-glu-PANI/PSSA (blue: obtained after 30 min 
exposure of the aptasensor to standard solution of TTX (5 μM)). The EIS spectra (Nyquist plots) in 
Figure 4b were obtained with the same cell solution used for CV by setting the dc bias potentials to the 
formal potentials of a1/c1 and a2/c1 redox couples. The a1/c1 and a2/c1, regardless of the  
film-composition, are due to the PANI film exhibiting two consecutive electrode reactions as already 
well described in the literature [30,31]. In this study, since the PANI was made to be deposited in its 
fully oxidized form (or pernigraniline salt) and always interrogated with cathodic initial scans, c1 is the 
first observed cathodic peak, followed by the second cathodic peak c2, whereas peaks a2 and a1 are the 
respective anodic reverse peaks. In brief, while c1 represents a two-electron reduction of bipolaronic 
segments in pernigraniline-PANI into polarons to form the emeraldine PANI, c2 is the reduction of the 
latter to neutral leucoemeraldine PANI via another two-electron process. The decrease of the peak 
current around −0.1 V and 0.01 V demonstrates an effective affinity binding detection of TTX on the 
Apt-NH2-glu-PANI/PSSA//C electrode. The cathodic peaks (emeraldine and neutral leucoemeraldine 
PANI formation peaks) decrease as the PANI-PSSA electrode loses it conductivity due to modification 
with glutaraldehyde, aptamer and TTX [32].  
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(a) (b) 
Figure 4. CVs (a) and EIS spectra (b) of TTX aptasensor and its electrode materials. 
Conditions: NaOAc buffer (0.1 M and pH 4.8); initial CV scan direction is cathodic; and 
EIS’s E = 0.010 V and f = 100 mHz–100 kHz. The equivalent circuit on top of (b) was used 
to fit the Nyquist plots (Rs, Rct and CPE1 are solution resistance, charge transfer resistance 
and constant phase element, respectively). 
By following the changes in CV characteristics through the progress of sensor fabrication, one could 
observe that the peak currents decreased when glutaraldehyde was attached to the PANI/PSSA surface. 
Further decreases were again observed after the Apt-NH2 molecules were attached to the glu-PANI/PSSA 
surface and then also after the resulting aptasensor was exposed to the TTX solution. At same time, the 
formal potentials, approximated as average of the peak pairs, also shifted to lower and lower values at 
each successive step of the aptasensor fabrication, particularly for the c1/a2 redox peak pairs. A possible 
explanation for the above effects on peak currents and potentials would be that the microenvironment of 
PANI’s electron transfer reactions was successively altered as the different molecular additives and 
functional groups were grafted into it. For the EIS measurements, the redox system of the c2/a1 peak 
pairs was chosen because its charge transfer resistance (Rct) was found to vary more favorably and more 
significantly at each stage of the fabrication process as well as after binding of TTX in contrast to the 
c1/a2 redox system. For analytical signal collection purposes, the simplified Randles’ cell circuit shown 
in Figure 4b (top) was used to fit (χ2 was in the order of 10−4) the semi-circle or ZARC segments of the 
EIS spectra of PANI/PSSA//C (black), glu-PANI/PSSA//C (red), Apt-NH2-glu-PANI/PSSA//C and 
TTX/Apt-NH2-glu-PANI/PSSA//C (blue). 
The Rct increased after the immobilization of glutaraldehyde due to its non-conducting  
behavior [29,33]. The further increase in Rct following the immobilization of Apt-NH2 might be 
attributed to the negatively charged backbone of aptamer causing repulsion of charge balancing counter 
ions [29], in addition to its steric and insulating effects. This is in agreement with the trend observed in 
the CV studies, which is not unexpected considering the fact that the current should be inversely related 
to the Rct [34,35]. 
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3.3. Optimization of the Aptasensor 
Experiments were performed to optimize the concentrations of the cross-linker (glutaraldehyde) and 
recognition agent (aptamer) required for the development of the TTX aptasensor. The percentage change 
in Rct , , ,(% 100 ( ) / )ct ct after ct before ct beforeR R R RΔ = × −  before and after exposure to TTX solution was plotted 
in order to find the critical concentrations of these reagents required in the sensor. The %ΔRct increased 
with increasing concentration of glutaraldehyde in the range 0–0.05 mM, but decreased in the range 
0.05–2 mM. With regard to the aptamer the %ΔRct increased with increasing concentration of aptamer 
in the range 0–0.05 µM and decreased in the 0.05–10 µM range. Therefore, in subsequent preparations 
of the aptasensor 0.05 mM glutaraldehyde and 0.05 µM aptamer were used. 
3.4. Test for Non-Specific Adsorption 
In Figure 5 the CVs and EIS spectra of TTX aptasensor (Apt-NH2-glu-PANI/PSSA//C) are compared and 
contrasted with those of a control sensor (glu-PANI/PSSA//C), which contained all components except 
the aptamer. For the control sensor, it can be seen that the CVs and EIS spectra before and after exposure 
to the analyte (TTX) did not significantly differ. In contrast, the aptasensor exhibited shifts in peak 
currents, peak potentials and charge transfer resistance (as measured by the diameter of the semicircles 
in Figure 5b), thereby confirming that the response obtained for TTX originated from its specific 
interaction with the immobilized aptamer. 
3.5. Dynamic Linear Range and Limit of Detection 
The calibration curves of the optimized TTX aptasensor are plotted in Figure 6 for 0–2.5 ng·mL−1 
TTX and used to determine the sensor’s dynamic linear range (DLR), sensitivity and limit of  
detection (LOD).  
(a) (b) 
Figure 5. (a) CVs and (b) EIS spectra of TTX aptasensor (Apt-NH2-glu-PANI-PSSA//C) 
and the control sensor (glu-PANI/PSSA//C) before and after 30 min exposure to 5 μM TTX 
standard solution in NaOAc buffer (0.1 M, pH 4.8). 
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Figure 6. Calibration plot of the impedimetric TTX aptasensor (main graph); and the plot of 
the analytical linear range of the aptasensor (inset). 
The sensor’s response to TTX revealed an underlying Langmuir adsorption-isotherm process 
characterized by a hyperbolic increase in Rct value with increase in TTX concentration. Therefore, one 
molecule of the aptamer suggestively binds only one molecule of TTX. The DLR of the TTX aptasensor 
was estimated to be 0.23–1.07 ng·mL−1 TTX (see Figure 6 inset), which is narrower than the values 
reported for ELISA and SPR methods [5,36–38]. The sensitivity and LOD of the aptasensor were 
calculated to be 134.88 ± 11.42 Ω·mL·ng−1 and 0.199 ng·mL−1, respectively. The LOD value of the 
aptasensor is lower than the ones reported by Taylor et al. (0.3 ng·mL−1) [5] for a surface plasmon 
resonance (SPR) sensor and Neagu et al. (2 ng·mL−1, R2 = 0.924) [3] for an immunosensor. 
In Table 1, the analytical figures of merit of the TTX aptasensor (impedimetric aptasensor) are 
compared with those of other methods reported for TTX analysis. It can be seen that none of the previous 
studies used electrochemical method to analyze TTX. Though the aptasensor exhibited narrower DLR 
compared to other techniques, its LOD is comparable to those of LC-MS/MS, SPE-GC/MS, ELISA, 
SPR and HPLC. 
Table 1. The analytical parameters of tetrodotoxin determination techniques. 
Method DLR (ng·mL−1) LOD (ng·mL−1) Reference 
LC-MS 94–9375 15.6 [39] 
LC-MS/MS 1–10 0.1 [40] 
HPLC 30–600 1.0 [41] 
SPEGC/MS 0.5–10 0.1 [42] 
SPR 0.01–10 0.3 [5] 
ELISA 
2–50 1.0 [43] 
5–500 0.1 [44] 
40–8000 40 [45] 
Impedimetric aptasensor 0.23–1.07 0.19 This work 
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4. Conclusions 
This is the first reported development of an impedimetric tetrodotoxin aptasensor, in particular and 
electrochemical TTX sensor in general. The sensor consists of an amine-terminated aptamer cross-linked 
(with glutaraldehyde) to a p-doped sulfonated polyaniline on glassy carbon electrode. The aptasensor’s 
LOD value is comparable to both chromatographic and ELISA methods [40,42,44]; and the lower value 
of the aptasensor’s DLR (i.e., 0.1 ng·mL−1) is similar to that of the highly sensitive GC/MS method [42]. 
This means that for future studies, the sensor can be further developed for application in real samples. 
Acknowledgments 
Gertrude Fomo acknowledges financial support from the National Research Foundation (NRF) of the 
Republic of South Africa. 
Conflicts of Interest 
The authors declare no conflict of interest. 
References 
1. Narahashi, T. Pharmacology of tetrodotoxin. J. Toxicol. Toxin Rev. 2001, 20, 67–84. 
2. Miyazawa, K.; Noguchi, T., Distribution and origin of tetrodotoxin. Toxin Rev. 2001, 20, 11–33. 
3. Neagu, D.; Micheli, L.; Palleschi, G. Study of a toxin-alkaline phosphatase conjugate for the 
development of an immunosensor for tetrodotoxin determination. Anal. Bioanal. Chem. 2006, 385, 
1068–1074. 
4. Chen, C.-Y.; Chou, H.-N. Detection of tetrodotoxin by High Performance Liquid Chromatography 
in Lined-Moon Shell and Puffer Fish. Acta Zool. Taiwan. 1998, 9, 41–48. 
5. Taylor, A.D.; Ladd, J.; Etheridge, S.; Deeds, J.; Hall, S.; Jiang, S. Quantitative detection of 
tetrodotoxin (TTX) by a surface plasmon resonance (SPR) sensor. Sens. Actuators B Chem. 2008, 
130, 120–128. 
6. Yakes, B.J.; Deeds, J.; White, K.; Degrasse, S. Evaluation of Surface Plasmon Resonance 
Biosensors for Detection of Tetrodotoxin in Food Matrices and Comparison to Analytical Methods. 
J. Agric. Food Chem. 2011, 59, 839–846. 
7. Stradiotto, N.R.; Yamanaka, H.; Zanoni, M.V.B. Electrochemical Sensors: A Powerful Tool in 
Analytical Chemistry. J. Braz. Chem. Soc. 2003, 14, 159–173. 
8. Moretto, L.; Kalcher, K. Environmental Analysis by Electrochemical Sensors and Biosensors: 
Fundamentals; Nanostructure Science and Technology; Springer-Verlag: New York, NY, USA, 
2014; Volume 1. 
9. Patel, D.J.; Suri, A.K. Structure, recognition and discrimination in RNA aptamer complexes with 
cofactors, amino acids, drugs and aminoglycoside antibiotics. Rev. Mol. Biotechnol. 2000, 74,  
39–60. 
  
Sensors 2015, 15 22558 
 
 
10. You, K.M.; Lee, S.H.; Im, A.; Lee, S.B. Aptamers as functional nucleic acids: In vitro selection and 
biotechnological applications. Biotechnol. Bioprocess Eng. 2003, 8, 64–75. 
11. Wang, C.; Yang, G.; Luo, Z.; Ding, H. In vitro selection of high-affinity DNA aptamers for 
streptavid. Acta Biochim. Biophys. Sin. 2009, 41, 335–340. 
12. Gopinath, S.C.B. Methods developed for SELEX. Anal. Bioanal. Chem. 2007, 387, 171–182. 
13. Ketai, G. Aptamer-based capture molecules as a novel tool to isolate target cells and promote cell 
adhesion. In Biology; der Eberhard Karls Universität Tübingen: Tübingen, Germany, 2006; p. 160. 
14. Hwang, J.; Nishikawa, S. Novel approach to analyzing RNA aptamer-protein interactions: Toward 
further applications of aptamers. J. Biomol. Screen. 2006, 11, 599–605. 
15. Huang, C.C.; Cao, Z.; Chang, H.T.; Tan, W. Protein-protein interaction studies based on molecular 
aptamers by affinity capillary electrophoresis. Anal. Chem. 2004, 76, 6973–6981. 
16. Li, L.; Zhao, H.; Chen, Z.; Mu, X.; Guo, L. Aptamer-based electrochemical approach to the 
detection of thrombin by modification of gold nanoparticles. Anal. Bioanal. Chem. 2010, 398,  
563–570. 
17. Qiu, H.; Sun, Y.; Huang, X.; Qu, Y. A sensitive nanoporous gold-based electrochemical aptasensor 
for thrombin detection. Colloids Surf B Biointerfaces 2010, 79, 304–308. 
18. Qureshi, A.; Gurbuz, Y.; Kallempudi, S.; Niazi, J.H. Label-free RNA aptamer-based capacitive 
biosensor for the detection of C-reactive protein. Phys. Chem. Chem. Phys. 2010, 12, 9176–9182. 
19. Barthelmebs, L.; Jonca, J.; Hayat, A.; Prieto-Simonc, B.; Marty, J.L. Enzyme-linked aptamer assays 
(ELAAs), based on a competition format for a rapid and sensitive detection of ochratoxin A in wine. 
Food Control 2011, 22, 737–743. 
20. Sheng, L.; Ren, J.; Miao, Y.; Wang, J.; Wang, E. PVP-coated graphene oxide for selective 
determination of ochratoxin A via quenching fluorescence of free aptamer. Biosens. Bioelectron. 
2011, 26, 3494–3499. 
21. Tang, J.; Yu, T.; Guo, L.; Xie, J.; Shao, N.; He, Z. In vitro selection of DNA aptamer against abrin 
toxin and aptamer-based abrin direct detection. Biosens. Bioelectron. 2007, 22, 2456–2463. 
22. Tombelli, S.; Minunni, M.; Mascini, M. Aptamers-based assays for diagnostics, environmental and 
food analysis. Biomol. Eng. 2007, 24, 191–200. 
23. Elnashar, M.M. Immobilized molecules using biomaterials and nanobiotechnology. J. Biomater. 
Nanobiotechnol. 2010, 1, 61–77. 
24. Gaihre, B.; Alici, G.; Spinks, G.M.; Cairney, J.M. Synthesis and performance evaluation of thin 
film PPy-PVDF multilayer electroactive polymer actuators. Sens. Actuators A Phys. 2011, 165, 
321–328. 
25. Millner, P.A.; Hays, H.C.W.; Vakurov, A.; Pchelintsev, N.A.; Billah, M.M.; Rodgers, M.A. 
Nanostructured Transducer Surfaces for Electrochemical Biosensor Construction—Interfacing the 
Sensing Component with the Electrode, in Seminars in Cell & Developmental Biology; University 
of Leeds: Leeds, UK, 2009; pp. 34–40. 
26. Fomo, G. Ionophoric and Aptameric Recognition-Modulated Electroactive Polyaniline Films for 
the Determination of Tetrodotoxin, in Chemistry; University of the Western Cape: Cape Town, 
South Africa, 2015; p. 343. 
  
Sensors 2015, 15 22559 
 
 
27. Shao, B.; Gao, X.; Yang, F.; Chen, W.; Miao, T.; Peng, J. Screening and Structure Analysis of the 
Aptamer Against Tetrodotoxin. J. Chin. Inst. Food Sci. Technol. 2012, 2, 347–351. 
28. Migneault, I.D.C.; Bertrand, M.J.; Waldron, K.C. Glutaraldehyde: Behavior in aqueous solution, 
reaction with proteins, and application to enzyme crosslinking. BioTechniques 2004, 37, 790–806. 
29. Prabhakar, N.M.Z.; Malhotra, B.D. Polyaniline Langmuir-Blodgett film based aptasensor for 
ochratoxin A detection. Biosens. Bioelectron. 2011, 26, 4006–4011. 
30. Klink, M.J.; Iwuoha, E.I.; Ebenso, E.E. Electrochemical Properties of Nanotubes and Nanomicelles 
from Novel Polyaniline and Derivative. Int. J. Electrochem. Sci. 2012, 7, 3031–3046. 
31. Njomo, N.; Waryo, T.; Masikini, M.; Ikpo, C.O.; Mailu, S.; Tovide, O.; Ross, N.; Williams, A.; 
Matinise, N.; Sunday, C.E. Graphenated tantalum (IV) oxide and poly (4-styrene sulphonic acid)-doped 
polyaniline nanocomposite as cathode material in an electrochemical capacitor. Electrochim. Acta 
2014, 128, 226–237. 
32. El-Deab, M.S.; Ohsaka, T. An extraordinary electrocatalytic reduction of oxygen on gold 
nanoparticles-electrodeposited gold electrodes. Electrochem. Commun. 2002, 4, 288–292. 
33. Prabhakar, N.; Arora, K.; Singh, H.; Malhotra, B.D. Polyaniline based nucleic acid sensor.  
J. Phys. Chem. B 2008, 11, 4808–4816. 
34. Snyder, K.A.; Ferraris, C.; Martys, N.S.; Garboczi, E.J. Using Impedance Spectroscopy to Assess 
the Viability of the Rapid Chloride Test for Determining Concrete Conductivity. J. Res. Natl.  
Inst. Stand. Technol. 2000, 105, 497–509. 
35. Yoo, H.J.; Hoof, C.V. Integrated Circuits and Systems; Bio-Medical CMOS ICs; Massachusetts 
Institute of Technology: Cambridge, MA, USA, 2011. 
36. Kentar, K.; Tadayoshi, S.; Yonekazu, H. Application of immunoaffinity chromatography for 
detection of tetrodotoxin from urine samples of poisoned patients. Toxicon 1999, 37, 325–333. 
37. Cho, H.E.; Ahn, S.Y.; Son, I.S.; In, S.; Hong, R.S.; Kim, D.W.; Woo, S.H.; Moon, D.C.; Kim, S. 
Determination and validation of tetrodotoxin in human whole blood using hydrophilic interaction 
liquid chromatography-tandem mass spectroscopy and its application. Forensic Sci. Int. 2012, 217, 
76–80. 
38. Chou, J.C.; Chen, C.C.; Lee, C.C. Development of Microcontroller Applied to Chlorine Ion 
Measurement System. IEEE Sens. J. 2012, 12, 2215–2221. 
39. Tsai, Y.H.; Hwang, D.F.; Cheng, C.A.; Hwang, C.C.; Deng, J.F. Determination of tetrodotoxin in 
human urine and blood using C18 cartridge column, ultrafiltration and LC-MS. J. Chromatogr. B 
2006, 832, 75–80. 
40. Matsui, T.; Ohtsuka, Y.; Sakai, J. Recent advance of studies on fugu toxin. Yakugaku Zasshi 2000, 
10, 825–837. 
41. Hwang, P.A.; Tsai, Y.H.; Deng, J.F.; Cheng, C.A.; Ho, P.H.; Wang, D.F. Identification of 
Tetrodotoxin in a Marine Gastropod (Nassarius glans) Responsible for Human Morbidity and 
Mortality in Taiwan. J. Food Prot. 2005, 8, 1556–1775. 
42. Shunsuke, K.; Hideki, H.; Osamu, S.; Takamichi, Y.; Hiroshi, S. Sensitive analysis of tetrodotoxin 
in human plasma by solid-phase extractions and gas chromatography/mass spectrometry. Anal. Lett. 
2001, 34, 2439–2446. 
  
Sensors 2015, 15 22560 
 
 
43. O’Leary, M.A.; Schneider, J.J.; Isbister, G.K. Use of high performance liquid chromatography to 
measure tetrodotoxin in serum and urine of poisoned patients. Toxicon 2004, 44, 549–553. 
44. Ji, R.; Wang, J.; Luo, X.; Jiang, T.; Zhang, J. Determination of tetrodotoxin in puffer fishes using 
monoclonal antibody-based direct competitive inhibition enzyme-linked immunosorbent assay.  
Chin. J. Food Hyg. 2002, 5, doi:10.3969/j.issn.1004-8456.2002.05.002. 
45. Zhou, Y.; Li, Y.; Lu, S.; Ren, H.; Li, Z.; Zhang, Y.; Pan, F.; Liu, W.; Zhang, H.; Liu, Z. Gold 
nanoparticle probe-based immunoassay as a new tool for tetrodotoxin detection in puffer fish 
tissues. Sens. Actuators B Chem. 2010, 146, 368–372. 
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
